Significant attention has recently been given to coordination chemistry, which has found applications in the construction of complicated or nano-sized structures, catenanes, 1,2 rotaxanes, [3] [4] [5] helices, 6,7 molecular squares, 8-10 tetrahedral hosts, [11] [12] [13] [14] [15] [16] and so on.
Significant attention has recently been given to coordination chemistry, which has found applications in the construction of complicated or nano-sized structures, catenanes, 1,2 rotaxanes, [3] [4] [5] helices, 6 ,7 molecular squares, [8] [9] [10] tetrahedral hosts, [11] [12] [13] [14] [15] [16] and so on. [17] [18] [19] [20] [21] Coordination compounds exist not only as discrete molecules in solution, but also as compounds with infinite periodicity in the crystal state. Coordination polymers (CPs) and metal-organic frameworks (MOFs) are well-known crystals constructed by an organic compound and a metal. Porous CPs (PCPs) and MOFs, in particular, are highly potential materials for gas storage, [22] [23] [24] ion exchange, [25] [26] [27] [28] heterogeneous catalysis, [29] [30] [31] separation, 29, [32] [33] [34] [35] [36] and non-linear optics, [37] [38] [39] because of the nanospace separated from bulk space.
Structure construction with a coordination bond plays a critical role in the formation of a complicated structure and the introduction of functionality into the structure for basic research and industrial applications. In structure control, it is important to adjust the metal-ligand stoichiometry based on the number of coordination sites or the coordination environment. For example, Lehn and coworkers 40 demonstrated the spontaneous formation of a cylindrical complex from five ligands and six metal ions, in which two hexaazatriphenylene derivatives acting as the planar molecule and three bisbipyridyl ligands linked at the 5,5′ positions acting as the pillar molecule were connected by three copper ions. The structure was characterized by 1 H NMR spectroscopy, fast atom bombardment mass spectrometry (MS), and single-crystal X-ray structure analysis. The concept of adjusting metal-ligand stoichiometry has been widely accepted in discrete complexes and CPs, depending on the metal coordination geometry and the ligand binding site. However, complex preparation relies on many factors, such as the temperature, concentration, and the counter ion. For instance, Fujita and coworkers 41 demonstrated the treatment of Pd(NO3)2 and a ditopic bidentate ligand assembled into a mixture of M4L8 and M3L6 box-like structures, depending on the ratio of dimethylsulfoxide to acetonitrile.
In such an environment-dependent complex formation, advanced functions, including molecular switching and molecular catch and release, for instance, have been obtained in recent years. However, structure elucidation of obtained complexes is generally difficult by using only 1 H NMR analysis in the case that the numbers of ligands and metals are not known. Therefore, limited studies of environment-dependent complexes have been reported up to the present. [42] [43] [44] [45] [46] Conventional MS using electron ionization, chemical ionization, fast atom bombardment, and electro-spray ionization cannot detect large coordination complexes because the weak coordination bonds dissociate during ionization. Cold-spray ionization MS (CSI-MS) is one of the most promising solutions to this problem, 47 as it can detect coordination complexes without dissociation to give the numbers of ligands and metals as well as ions based on the solvent adducts. In our previous work, 48 we clearly observed oligomeric coordination species of CP in the crystallization solution by CSI-MS. We believe that CSI-MS is suitable for the detection of a complex constructed by a weak non-covalent bond, namely, a coordination bond, because it has a large dynamic range and high sensitivity even if the complex has very low solubility. In this work, we demonstrated the construction of two crystal structures: a discrete cyclic complex with tetrahedral geometry and a polymeric 1D complex bearing cyclic units with octahedral geometry, depending on the methanol concentration in a methanol-chloroform mixture, using the same ligand as that used in metal-ligand stoichiometry (Scheme 1).
The crystallization solution was investigated by CSI-MS, UV-vis, and NMR spectroscopy in order to discuss how solvent differences affect the formation of a discrete complex and a continuous metal complex.
The continuous metal complex obtained in the present study was formed from a bidentate organic ligand with two imidazolyl groups connected to a rigid 1,3-diphenyladamantane spacer, which is intrinsically capable of forming a bridge or a ring with metals. Owing to its nature, ligand 1 (L) can form diverse supramolecular architectures in crystals. The ligand was prepared from a copper(I)-catalyzed reaction between imidazole and 1,3-bis(4-iodophenyl)adamantane with a yield of 50%. In a methanol-chloroform mixture (1:4 and 1:2), CoCl2·6H2O and L at 1:1 ratio were stirred for 5 min. After vapor diffusion of tetrahydrofuran into the solution for 1 day at room temperature, blue (crystal 1a) and colorless (crystal 1b) crystals were obtained from 1:4 and 1:2 MeOH/CHCl3, respectively.
Single-crystal X-ray structure analysis (see Supporting Information) revealed two different crystal structures, as shown in Figs. 1 and 2. In crystal 1a, triclinic P1, the tetrahedral cobalt atoms coordinated to two Cl atoms and two nitrogen atoms of the imidazolyl groups (Co-N, 2.010(6) and 2.023(5) Å; Co-Cl, 2.247(2) and 2.238(2) Å) to form a complex of (CoCl2)2L2 (Fig. 1a) , exhibiting a discrete cyclic shape bearing a 11.0 × 17.1 Å rhombic cavity (Fig. 1b) . The cavity was filled with disordered chloroform molecules at 50% occupancy in each of the two independent positions. Packing analysis revealed that the stacking of a quasi-planar 2D layer with a CH-halogen interaction gave a 3D network structure (See Supporting Information for details). In crystal 1b, monoclinic C2/c, the octahedral cobalt atoms coordinated to two Cl atoms in trans and four nitrogen atoms of the imidazolyl groups (Co-N, 2.113(3) and 2.130(3) Å; Co-Cl, 2.5811(9) Å) (Figs. 2a  and 2b) . The bidentate L bridging the two adjacent cobalt centers formed an infinite 1D polymer structure [CoCl2L2]n (Fig. 2c) , where n is an integer, having a cyclic unit similar to that observed in the discrete complex of crystal 1a. The cavity of one cyclic structure, [CoCl2L2]2, was interpenetrated by another cyclic structure, [CoCl2L2]2 (Fig. S4b, Supporting  Information) , thereby exhibiting a 3D network structure. In this structure, 1D channels extending parallel to the c axis were observed (Fig. 2d) .
CSI-MS revealed two structures, discrete and continuous metal complexes, in solution. In the CSI-MS spectrum of the methanol-rich solution for crystallization containing the adamantane-based ligand and CoCl2, several molecular ion peaks were clearly observed from m/z 724.2 to 1986.9. Some of the ion peaks were assigned to chemically important coordination complexes without coordination bond dissociation. For example, the molecular ion peak at m/z 934.9 was ascribed to the [Co3ClL3] complex with the solvent adduct in the doubly charged state. It should be emphasized that CSI-MS involves solvent adducts very often. 43 The assignment of observed ion peaks is summarized in Table 1 . The difference in mass number between the adjacent peaks corresponds to the doubly charged adamantane-based ligand, as shown in Fig. 3b . A Co3Lm complex can form a part of the 1D chain structure observed in crystal 1b, ignoring the presence of the counteranion cobalt when the number of ligands, m, is from 2 to 8. All of the suggested complexes with one chloride and several solvent adducts were clearly observed by CSI-MS. However, a smaller or larger number of ligands could not form a part of the polymer structure, [CoCl2L2]n. On the other hand, for ion peaks corresponding to low-molecular-weight complexes, the methanol-poor solution appeared in the CSI-MS spectrum in Fig. 3a . No ion peaks due to continuous ligand adducts were found in Fig. 3b , and a [Co3ClL2] complex with several solvent adducts was observed in both methanol-rich and -poor solutions.
Scheme 1 Schematic representation of the solvent-dependent formation of a discrete cyclic complex and polymeric 1D complex bearing cyclic parts, depending on the methanol concentration in a chloroform solution. The observed peak lists and assignments are summarized in Table S1 , Supporting Information. Under the condition for continuous metal complex formation, the coordination oligomers that corresponded to a part of CP were observed in solution. On the other hand, under the discrete complex formation condition, no continuous ligand adducts were observed in solution. In the 1 H NMR spectra, signals of the adamantane ligand under the discrete complex formation condition were shifted upfield relative to the signals before complexation. The same chemical shift changes were observed under the continuous metal complex formation condition (Fig. S5, Supporting Information) . However, the chemical shift differences between those two different conditions did not yield any structure information. In the UV-vis spectra, the absorption bands from cobalt ion also gave no differences between those two conditions before and after crystallization, although the cobalt ion gave a different absorption spectrum, depending on its coordination environment (Fig. S6, Supporting Information) . We believe that a continuous cobalt complex was kinetically produced by complexation so that the number of octahedral cobalt ions was very small in solution. Despite such subtle changes in solution, CSI-MS enabled discrimination between discrete coordination species and oligomeric coordination species in solution.
In summary, we empirically succeeded in the solventdependent assembly of a discrete cyclic complex and a continuous metal complex having cyclic units formed from adamantane-based bidentate ligands and cobalt ions of the same stoichiometry. The formation of the two complexes depended on the methanol concentration in the crystallization solution, which directed tetrahedral or octahedral cobalt hybridization. In the crystallization solution, CSI-MS could distinguish subtle changes between discrete and oligomeric structures, which could not be accomplished by other methods, such as UV-vis and NMR spectroscopy. We believe that CSI-MS is not only a powerful and efficient tool to find new structures for coordination complexation, depending on the environment condition, but also a promising analytical method for use in coordination chemistry.
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General experimental procedure, crystallographic data and structure, characterization of organic ligands, CSI-MS assignment, and UV-vis and 1 H NMR data are summarized. Crystal structure data of 1a and 1b have been deposited with the Cambridge Crystallographic Data Centre in the CIF format as CCDC-886044 and -886045. This material is available free of charge on the Web at http://www.jsac.or.jp/analsci/.
